Adolescence is a unique developmental period when the salience of social and emotional information becomes particularly pronounced. Although this increased sensitivity to social and emotional information has frequently been considered with respect to risk behaviors and psychopathology, evidence suggests that increased adolescent sensitivity to social and emotional cues may confer advantages. For example, greater sensitivity to shifts in the emotions of others is likely to promote flexible and adaptive social behavior. In this study, a sample of 54 children and adolescents (age 8-19 years) performed a delayed match-to-sample task for emotional faces while undergoing fMRI scanning. Recruitment of the anterior cingulate and anterior insula when the emotion of the probe face did not match the emotion held in memory followed a quadratic developmental pattern that peaked during early adolescence. These findings indicate meaningful developmental variation in the neural mechanisms underlying sensitivity to changes in the emotional expressions. Across all participants, greater activation of this network for changes in emotional expression was associated with less social anxiety and fewer social problems. These results suggest that the heightened salience of social and emotional information during adolescence may confer important advantages for social behavior, providing sensitivity to others' emotions that facilitates flexible social responding.
| INTRODUCTION
The ability to encode, interpret, and hold in mind facial expressions is a critical aspect of non-verbal social interaction that is necessary for planning and guiding behavior for successful interactions with others (Neta & Whalen, 2011) . For instance, an individual may adjust their behavior when conversing with one who at first appears neutral but whose facial expression suddenly becomes angry.
Adolescence is a unique period of development in which emotional responses to social information are particularly intense, suggesting that certain types of social information are more salient during adolescence. This has been shown in a variety of different contexts, including reward and threat processing, self-conscious emotion, and social reinforcement (Casey, Jones, & Hare, 2008; Galvan, Hare, Voss, Glover, & Casey, 2007; Jones et al., 2014; Somerville, Jones, & Casey, 2010; Spielberg, Olino, Forbes, & Dahl, 2014) . In addition, adolescence is a period of development in which peer relationships become increasingly important (Blakemore, 2008; Steinberg, 2005) . During this period, fears and anxieties about social interactions, social rejection, and social status begin to emerge (Haller, Cohen Kadosh, & Lau, 2013) .
A rich literature highlights the adverse effects of the imbalance of heightened social, affective, and reward sensitivities with immature cognitive control in adolescence (Steinberg 2005; Casey, Jones, & Somerville, 2011) , including risk-taking, sensitivity to peer-pressure, and sensation seeking behavior (Dreyfuss et al., 2014; Heller & Casey, 2016) . However, recent work has suggested that certain emotional sensitivities may also confer advantages during adolescence. It has been suggested that the increase in social and affective sensitivity that emerges during adolescence facilitates the ability to flexibly update behavior and adapt to one's environment (Crone & Dahl, 2012; Pfeifer & Allen, 2012) . Recent studies have suggested that neural and behavioral sensitivity to reward in adolescence is associated with better response inhibition and lower risk-seeking and susceptibility to peer pressure in certain contexts (Pfeifer et al., 2011; Telzer, Ichien, & Qu, 2015) . In a similar vein, it is possible that sensitivity to the emotions of others during adolescence is protective against the development of social difficulties. If changes in the emotional expressions of others are salient and capture attention, this may result in being better able to update and modify behavior accordingly for more successful social outcomes in the increasingly complex social environment of adolescence (Crone & Dahl, 2012; Nelson & Guyer, 2011; Pfeifer & Allen, 2012 ).
In the present study, youths performed a delayed match-tosample task using emotional faces while undergoing fMRI scanning. To determine the developmental pattern of neural activation in response to changes in emotional facial expression, we tested three potential models of age-related change (Somerville et al., 2013) . These included a linear model testing a stable change in activation from childhood into late adolescence, a logarithmic model, reflecting change in activation from childhood to early adolescence followed by a leveling off in late adolescence (adolescent-emergent), and a quadratic model indicating activation occurring uniquely during a particular point in development (e.g., an adolescent-specific response). Given that sensitivity to social and affective information peaks during early adolescence (McLaughlin, Garrad, & Somerville, 2015; Nelson, Lau, & Jarcho, 2014) , we hypothesized that early adolescents would be particularly sensitive to changes in emotional facial expression from encoding to probe. Adult studies have highlighted a role of the salience network, including the anterior cingulate (ACC) and anterior insula in detecting changes in the emotional expression of others (Luo et al., 2014) . Therefore, we anticipated that recruitment of a network of regions involved in salience processing, including the ACC and anterior insula (Seeley et al., 2007) , would emerge when processing changes in emotional facial expression. We expected that recruitment of this network of regions would follow a quadratic pattern across development (i.e., adolescent-specific) when the emotional expression changed, given the heightened salience of social and emotional information in adolescence (McLaughlin et al., 2015; Nelson et al., 2014) , but not when the identity of the person changed. Finally, we hypothesized that greater activity in the salience network during changes in emotional expression would be associated with lower levels of social problems and social anxiety because greater sensitivity to shifts in the emotions of others is likely to promote flexible and adaptive social behavior.
| MATERIALS AND METHODS

| Participants
A sample of 66 participants aged 6 to 19 years (M = 13.68 years, SD = 3.23 years; 35 male) without MRI contraindications (e.g., orthodontic braces) participated. The sample was recruited in Seattle, WA between February 2014 and February 2015. Youths were recruited at schools, after-school and prevention programs, medical clinics, and in the general community. The sample size was determined prior to any data collection and was based on the largest number of participants possible given the grant funding that supported the study. This sample size is moderate to large for a developmental cognitive neuroscience study. Half of the sample was recruited based on exposure to interpersonal violence in order to test additional questions about how environmental experiences are associated with neural processes involved in memory for emotional information (Lambert et al., 2017) .
We controlled for violence exposure by including it as a binary covariate of non-interest in all models of fMRI data in the present analyses.
Results were identical with and without this covariate, but we retain it in all final models. There were no effects of violence exposure on the contrast of interest in this study (Emotion Mismatch > Match).
The study sample was racially and ethnically diverse (53.5% White, 6.25% Black, 14.55% Hispanic, 2.1% Asian, 23.6% Multiracial or Other) and varied with regard to parental socioeconomic status (Maximum parental educational attainment: Less than high school: 9.1%, High school degree: 18.2%, Some college: 12.12%, College degree or higher:
21.2%, Graduate degree: 33.3%, No report: 6.1%). The Institutional Review Board at the University of Washington approved all procedures.
Participants were compensated and written informed consent was obtained from legal guardians, while youths provided written assent.
Eight participants (6 female, mean age: 10.23±3.26) were excluded from analyses due to below-chance performance. One participant (female, 15 years) was excluded due to an incidental neurological finding, and one participant (female, 8 years) did not complete the tasks in the scanner. The excluded participants were significantly younger than the final analytic sample (t(63) = 4.239, p < .0001). The final analytic sample included 54 participants (8-19 years, M = 14.26±2.83, see
Supplemental Table 1 for details).
| Delayed-match-to-sample task
Participants completed an emotional face working memory task ( Figure 1a ) using a delayed-match-to-sample design. All stimuli were faces drawn from a standardized stimulus set (Tottenham et al., 2009 Figure 1a ). All trial types were interspersed throughout the two task runs. Subjects had the same instructions for all trial types and were not aware ahead of time whether the trial would be a Match, Emotion Mismatch, or Identity Mismatch. Subjects completed two F I G U R E 1 Delayed-Match-to-Sample Task and Performance. (a) Subjects were presented with a face embedded in a scene and instructed to hold the face in memory over a variable delay period. On one-third of trials, the probe face matched the identity and emotion of the cue face (Match). On one-third of trials, the probe face matched the identity but was a mismatch on emotion (Emotion Mismatch). On one-third the face was a mismatch on identity (Identity Mismatch). The Identity Mismatch trials contained trials where the probe face portrayed the same emotion as the cue as well as trials where the probe face portrayed a different emotion than the cue. (b) Accuracy and reaction time varied as a function of probe type such that accuracy was highest for Identity Mismatch trials and response time was highest for Emotion Mismatch trials. * represents post-hoc tests with p < .05, FDR corrected C) Accuracy varied as a function of age (linearly) most strongly for Emotion Mismatch trials runs of the working memory task, with the exception of one subject that completed only one run. The data from the subject who only completed one run was still included in analyses to maximize the sample size.
| Social functioning
To assess social problems, children and adolescents completed the Youth Self Report (YSR) of the Child Behavior Check List (CBCL; Achenbach, Howell, Quay, & Conners, 1991) . The social problems subscale of the YSR is a psychometrically sound measure of social behavior and has been validated and shown to have internal consistency, high test-retest reliability, and stability (Achenbach et al., 1991) .
It consists of 11 items for which participants are presented with a statement (e.g., 'I'm too dependent on adults', 'I feel lonely', 'I feel that others are out to get me') and are asked to rate the truth of the statement on a 3-point Likert scale. One participant (13-year-old female) failed to complete the YSR due to time constraints and was removed from analyses that included the YSR.
As a measure of social anxiety, participants completed the Screen for Child Anxiety and Related Disorders (SCARED; Birmaher et al., 1997 Birmaher et al., , 1999 , a psychometrically sound measure of anxiety symptoms.
This measure has 41 items for which participants are presented with a statement (e.g., 'I don't like to be with people I don't know well') and are asked to rate how much they agree with the statement on a 3-point Likert scale. We used the social phobia subscale, which is commonly used in both children and adolescence (Lewis-Morrarty et al., 2012; Silverman & Ollendick, 2005) and demonstrates good testretest reliability and convergent and discriminant validity (Birmaher et al., 1997 (Birmaher et al., , 1999 . The scale includes seven items, for a maximum possible score of 21. We also used the SCARED sub-scale assessing panic disorder as a non-social control measure of anxiety to determine whether associations of neural function with anxiety were specific to anxiety surrounding social interactions.
Participants exposed to violence had significantly higher levels of social problems (57.44±6.32) compared to those not exposed to violence (53.84±5.75, t(51) = 2.164, p = .03), as well as higher levels of social anxiety (5.43±3.56 and 3.65±3.21, respectively,, t(52) = 2.208, p = .03).
| Image acquisition and processing
Before undergoing scanning, children 12 years and younger and any older children exhibiting anxiety about the scan were trained to minimize head movements in a mock scanner. They watched a movie with a head-mounted motion tracker that stopped playing if a movement of over 2 mm occurred. This method has been shown to significantly reduce head motion once children are in the scanner (Raschle et al., 2012) . In addition, in the scanner, we used a head-stabilizing pillow to further restrict movement.
Scanning was performed on a 3T Phillips Achieva scanner at the 
| fMRI pre-processing
Pre-processing and statistical analysis of fMRI data was performed in a pipeline using Make, a software development tool designed for describing how to build executables from source files that can be used to create neuroimaging workflows that rely on multiple software packages (Askren et al., 2016) . Simultaneous motion and slice-time correction was performed in NiPy (Roche, 2011) . Spatial smoothing with a Gaussian kernel (6-mm full width at half maximum [FWHM] ) was performed in FSL (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012) . Data were inspected for artifacts, and volumes with motion >2-mm or >3-SD change in signal intensity were excluded from analysis using volume-specific covariates of non-interest. All but two subjects (one male, 12 years and one female, 9 years) had very little motion;
those with the highest motion had fewer than 10% of volumes with framewise displacement outliers across both runs, with the next highest being 3.6% of volumes with framewise displacement outliers. Six rigid-body motion regressors were included in person-level models.
A component-based anatomical noise correction method (Behzadi, Restom, Liau, & Liu, 2007) was used to reduce noise associated with physiological fluctuations. Person-and group-level models were estimated in FSL. Following estimation of person-level models, the resulting contrast images were normalized into standard space, and anatomical co-registration of the functional data with each participant's T1-weighted image was performed using surface-based registration in FreeSurfer version 5.3 (Dale, Fischl, & Sereno, 1999) , which provides better alignment than other methods in children (Ghosh et al., 2010) .
Normalization was implemented in Advanced Normalization Tools (ANTs) software, version 2.1.0 (Avants et al., 2011 We apply a cluster-level correction approach that is associated with low risk of both false positive and false negative findings in recent simulations (see Eklund, Nichols, & Knutsson, 2016 , Figure 1 ).
Specifically, we apply cluster-level correction in FSL (z>2.3, clusterdefining threshold p<.01, minimum cluster size/k of 10 voxels) to our models run in FSL FLAME, which is not associated with elevated false positive or false negative findings in event-related designs. All analyses included a covariate of non-interest for violence exposure.
Results were then projected onto the cortical surface for visualization purposes using Connectome Workbench (Washington University, St
Louis; Marcus et al., 2013) .
To investigate age-related effects, we created three separate models. In the first model, we included a mean-centered covariate for age to investigate linear age-related changes during all three probe types:
Match, Emotion Mismatch and Identity Mismatch. In a separate model, we added a covariate for age 2 in addition to age in order to investigate quadratic age effects. We created a third model in which we included a covariate for age by taking the log age of each participant and them mean-centering those values. These models allow us to probe for early adolescent-specific (quadratic) and early adolescent-emergent (logarithmic) effects (Somerville et al., 2013) .
| Region of interest analysis
ROI analyses were conducted to relate activation during Emotion
Mismatch trials with measures of social problems and social anxiety obtained from the YSR and SCARED. ROIs were created by masking functional activation from the model including the best-fitting age 
| RESULTS
| Behavioral results
Overall In addition, we investigated linear, logarithmic, and quadratic effects of age on accuracy and RT for each probe contrast (Figure 1c ).
There was a non-significant logarithmic effect of age on accuracy for Match trials (β = .24, p = .079) and a non-significant linear association between age and accuracy on Identity Mismatch trials (β = .25, p = .079). Accuracy for Emotion Mismatch trials was related to age and the best-fitting model was linear (β = 0.43, p = .003). In contrast, age and RT showed a negative logarithmic association for Match and Identity Mismatch (β = −0.44, p = .003 and β = −0.41, p = .003, respectively), but a non-significant negative linear association for Emotion Mismatch (β = .24, p = .078). Together, these findings suggest that the Emotion Mismatch trials contain the most conflict overall, as evident by the longer RT, and accuracy increases into adolescence. All p-values are FDR corrected.
| Social functioning
The mean score for the SCARED social anxiety scale was 4. Table 2 ). This contrast also revealed activation in the precuneus, angular gyrus and temporal pole. Tables 1 and 2 for details area (x = 0, y = 14, z = 58, max z-statistic = 3.6, p = .0002, 220 voxels;
| Neural response to probe mismatches
Supplemental Figure 1 ).
| Age-related associations for probe mismatches
We next examined whether age-related variation was present during different types of mismatches. MNI coordinates reflect the peak of each cluster.
| Age associations during Emotion Mismatches
There were no significant positive or negative linear age effects or log- We further examined whether the quadratic age effect varied by condition in an ROI analysis using anatomical definitions 
| Age associations during Identity Mismatches
In contrast to quadratic age effects for Emotion Mismatches, a posi- There were no significant associations with age for the direct contrasts of Emotion Mismatch and Identity Mismatch.
| Brain-social functioning associations
Activation during Emotion Mismatch trials in the ACC and anterior insula were examined as predictors of social problems and social anxiety to evaluate our hypothesis that greater sensitivity to shifts in emotional expression would be associated with better social function- We conducted one additional analysis as a control to determine whether the associations of salience network activation were specific to anxiety surrounding social interactions rather than anxiety more broadly. Specifically, we examined the association of activation within the salience network regions during emotion mismatches with panic disorder symptoms. Like social anxiety symptoms, panic symptoms had a significant positive linear association with age (β = .269, p = .049, Cohen's f 2 = 0.078). In contrast to social anxiety symptoms, however, there were no significant associations between activation in any of the salience network regions and panic symptoms (all ps > .250). These findings suggest that the associations seen between salience network F I G U R E 3 Heightened adolescent recruitment of the ACC and right anterior insula for Emotion Mismatch > Match. Scatterplots show activation in regions with significant early adolescent-specific effects in the whole sample as a function of age simply for illustrative purposes in order to show the direction of the quadratic effect activation and social anxiety and social problems are not simply due to their associations with age.
| DISCUSSION
We investigated the neural mechanisms underlying the detection of changes in identity and emotional expression of faces across development. First, we documented a quadratic developmental pattern of salience network recruitment when observing changes in the emotional expressions of others that peaked during early adolescence.
Increased salience network recruitment in early adolescence in response to changes in emotional expression of others likely reflects the shift in importance of social and emotional cues that occurs during this period of adolescence (Nelson et al., 2014) . Second, we found that age effects follow a quadratic pattern in our sample specifically for shifts in emotion, whereas age effects related to changes in identity follow a linear pattern. This suggests that the pattern of salience network recruitment, which peaks in early adolescence, appears uniquely sensitive to changes in the emotional expression of others.
Third, greater salience network activation was associated with lower levels of social anxiety and social problems. These findings support the idea that sensitivity to changes in the emotional expression of others, as indexed by salience network activation in the current study, may facilitate flexibility in social interaction and promote adaptive social behavior. The first goal of the study was to evaluate differences across development in responses to unpredictable changes in emotion. We observed quadratic effects of age in bilateral ACC and right anterior insula for trials where the probe emotion was different from the emotion held in mind, indicating early adolescent-specific recruitment of the salience network when processing an unpredictable change in emotion. These emotion mismatches recruited two nodes of the salience network -a network of brain regions widely documented to be recruited when viewing salient social and emotional information (Luo et al., 2014; Touroutoglou, Lindquist, Dickerson, & Barrett, 2015) -particularly in early adolescents, suggesting that unpredictable changes in the emotions of others might be particularly salient during this developmental period. Indeed, extensive work suggests that early adolescence is a period when social and emotional information is particularly salient (Davey, Yücel, & Allen, 2008; Silvers et al., 2012; Somerville et al., 2010; Spielberg et al., 2014; Stephanou et al., 2016) .
Holding in mind and updating another person's emotional state might be particularly important during this developmental period as this information helps to adaptively guide socially effective behavior in the novel and increasingly complex social environment of adolescence (Crone & Dahl, 2012) . Previous work has implicated the ACC and anterior insula in working memory of emotional faces (Luo et al., 2014) , and found stronger recruitment of the salience network for processing emotional faces in adolescents than adults Nelson et al., 2003) . We extend these findings by documenting specificity of recruitment of the salience network in response to changes in emotional expression to early adolescence. During early adolescence, social cues become increasingly relevant for mate selection as well as gaining independence to navigate a more complex social world, and becoming less reliant on parental figures (Nelson et al., 2014) .
Therefore, enhanced activation in the salience network during this period of development in response to shifts of emotional expression of others may help update and guide behavior in this increasingly complex social environment.
Critically, this heighted response pattern of neural activation among early adolescents seen for shifts in emotion was not observed when a shift happened in the identity of the target. No brain regions exhibited a quadratic pattern of activation for shifts in identity. Rather, recruitment of regions that have been previously implicated in facial processing and working memory of faces and their identities (Neta & Whalen, 2011) increased linearly with age when the identity of the person being held in mind changed. These patterns may provide a mechanism to explain the age-related increases in performance on working memory for faces observed here. The specificity of the quadratic age pattern to emotion mismatches was further supported in an ROI analysis examining the interaction of age with mismatch condition. These findings suggest specificity of enhanced neural processing to changes in emotional expression during early adolescence rather than heightened response to any type of novelty or change in target stimuli during this period.
The final goal of the study was to assess whether activation patterns in the salience network were predictive of measures of social problems and social anxiety. Greater activation in the right ACC during Emotion Mismatch trials was associated with both fewer social problems and less social anxiety, and greater activation of the right anterior insula was similarly associated with fewer social problems. A non-social form of anxiety was not associated with activation in the salience network.
If changes in emotional facial expressions of others are more salient, this may provide a signal that behavior must be updated accordingly;
greater flexibility and responsiveness to the cues of others is likely to facilitate adaptive social behavior, resulting in fewer social problems and less anxiety surrounding social interactions. These findings are consistent with recent work documenting that some features of adolescence that have been conceptualized as risk factors and are associated with risk behavior, such as reward sensitivity (Casey et al., 2008; Steinberg, 2005) , also confer some social advantages (Crone & Dahl, 2012; Nelson et al., 2014; Pfeifer & Allen, 2012 ). The present study provides support for the idea that social and affective sensitivity in adolescence, as indexed by heightened activation in salience networks to social stimuli, may also provide some advantages.
Social anxiety is characterized by attentional biases toward the self and heightened self-monitoring (Bögels & Mansell, 2004) as well as biased negative interpretation of ambiguous social cues (Haller et al., 2013 ) which can in turn negatively impact social performance (Schultz & Heimberg, 2008) . Studies of individuals with social anxiety have found increased activity in the amygdala and ACC during passive processing of emotional faces (Amir et al., 2005; Battaglia et al., 2012) . Furthermore, several studies in adults with social anxiety have shown increased coupling between the salience network and the default mode network, which is involved in self-referential processing (Pannekoek et al., 2013) , and greater connectivity of the salience network and the default mode network has been shown to be associated with greater behavioral inhibition, a precursor for social anxiety, in children (Taber-Thomas, Morales, Hillary, & Pérez-Edgar, 2016).
Thus, prior findings suggest altered processing in the salience network among individuals with social anxiety as well as a bias toward selfreferential processing and away from social cues displayed by others.
Therefore, a possible alternative explanation of the present findings is that as a result of developing social anxiety, individuals become biased toward negative interpretation of external cues and towards internal self-focused processing in the presence of social information;
together, this results in less attention to the external cues themselves, making them less salient. Indeed, high internal self-focused attention in the context of social interactions has been well documented among individuals with social anxiety (Bögels & Mansell, 2004) . Future studies will be needed to disentangle these hypotheses, perhaps by directly assessing changes in attention to the emotional expressions of oneself compared to the expression of others.
One limitation of this study is that we did not have enough statistical power to investigate changes from one particular emotion to another. It is possible that neural and behavioral responses to changes from, for example, a happy face to an angry face might have more developmental specificity than other emotion combinations. Furthermore, a more nuanced look into these particular emotional changes might provide further insight into the link with social anxiety, given the bias toward negative interpretation associated with social anxiety. In addition, given the salience of peer relationships in particular in early adolescence (Nelson et al., 2014; Steinberg, 2005) , future studies should investigate neural processing in response to shifts in the emotional expression of peers compared to non-peers across development. Finally, given the crosssectional nature of this study and work that demonstrates that the age range of the sample can impact the inflection point of quadratic models (Fjell et al., 2010) , the peak found in the present study in early adolescence should be interpreted with caution. Future longitudinal studies would provide a more nuanced understanding of where this peak lies and insight into whether neural sensitivity to the emotional expression of others indeed buffers against risk for social problems and social anxiety.
In sum, these findings indicate developmental variation in the neural mechanisms underlying sensitivity to changes in emotional expressions and have implications for understanding the neural systems that support social functioning. Early adolescence is associated with a developmentally specific pattern of recruitment of the salience network in response to unpredictable changes in the emotional expression of others. Moreover, activation in the salience network during shifts in emotional expression was associated with fewer social problems and less social anxiety. The current findings highlight early adolescence as a period of heightened neural sensitivity to changes in social cues, potentially identifying this period of development as an optimal window for treating children with signs of social anxiety.
